INTRODUCTION HIS
STATE-OF-THE art paper reviews the area of environmental control of buildings, outlines some research findings, and analyzes different aspects of the design process with a view to creating a comprehensive stage for the introduction of new ideas. This paper underlines shortcomings in the current design process and highlights areas where the current design and evaluation processes must be improved to enhance innovation in the construction industry. Part II of this work (to be published in JTIBE) proposes improvements based on a holistic approach to the environmental control of buildings.
RECENT CHANGES IN CONSTRUCTION
In the past, building envelopes were leaky and natural ventilation was relied upon to bring fresh air into buildings. Until the energy crisis of the late 1970s, energy was inexpensive. Our approach to environmental control of buildings has changed since that time.
Increased tightness of building envelopes, controlled ventilation, and airconditioning systems are relatively recent additions to building technology. mary exhaust device, the chimney flue, to be used less frequently'. The trend toward using electric heating, heat pumps, and power vented sealed combustion furnaces has further eroded the role of a traditional active chimney. Chimney flues acted as exhaust fans which extracted great quantities of air from the conditioned space, reducing the moisture load acting on the building envelope. Less efficient chimney flues increased the indoor air humidity resulting in more frequent condensation on surfaces of windows or thermal bridges. More recently, the significance of this issue was reinforced by increased epidemiological evidence that links respiratory diseases to dampness (Robinson, 1992) .
Indoor Environment
Building enclosures have become sigmficantly tighter, reducing the exchange of air between the indoor and outdoor environments.
The lower the air exchange, the less effective the dilution of pollutants in the indoor space. New consumer products increased the variety of pollutants in the indoor air. The reduced dilution caused concentrations of these pollutants to increase even further. These pollutants include moisture (from people and appliances), formaldehyde (from particle board and furnishings), volatile organic compounds (from carpets, pamts, cleaners, and adhesives), radon (from basements, crawl spaces, water supplies) and carbon dioxide (from people).
It is important to recognize that relying on random leakage openings and the effects of wind and stack effects to provide the required air change does not ensure dilution when most needed. In small buildings, the variations in building airtightness are enormous. Leaky buildings are often two to three times leakier than tight buildings. Compounding these concerns is the difficulty in predicting how tight a building will be when built using conventional construction practices. In effect, for health reasons, mechanical ventilation is a requirement in all buildings, tall or small.
In some residences, the installation and use of indoor spas, hot tubs, and central humidifiers made moisture control more difficult. In commercial and institutional buildings, the installation of pressurized and humidified computer rooms and special use areas such as health clubs or copying/duplication rooms created additional environments that are hostile to humans.
These changes in construction processes introduced new considerations for materials. ' In the extreme, reducing the chimney's ability to exhaust products of combustion may lead to spillage of combustion products, backdrafting of furnaces and fireplaces, and associated health and safety problems Material Considerations Any material must be assessed in the context of a system. What is the function of the material? Can the material perform the function? What is the risk to the occupants, the building, and the environment? Extending this argument further, there are no truly benign materials, and nothing is completely risk free. However, risk can be managed. For example, a toxic material can provide significant benefits and pose little risk when used properly. The use of some damp-proofings on the exterior of a concrete or preserved wood foundation illustrates this point. An inherently toxic material provides substantial benefits to the system (moisture control) and does not pose a high risk to the occupants.
Concerns have been raised on how many synthetic agents impact the indoor environment. It has been voiced that &dquo;natural&dquo; or &dquo;green&dquo; materials should be used. However, many &dquo;natural&dquo; materials contain volatile organic compounds, are potent irritants, and pose hazards to health. Allergic reactions to the odors emanating from &dquo;cedar&dquo; closets and chests are common. As well, radium and radon are natural materials. Yet, nobody would suggest that these two &dquo;natural&dquo; materials be used in construction, though radon gas could be used in sealed glazing systems in place of argon, and radium could be used on thermostat dials to make them easy to read at night.
The risk to occupants is low if a particular agent remains m the building product and does not affect people through respiration and physical contact. In general, building materials which do not off-gas are preferable to those that do. Products which off-gas a little are preferable to those which off-gas a great deal. Less toxic alternatives should be used in place of more toxic materials. The principle of product substitution should be employed wherever possible.
For volatile orgamc compounds (VOC), the decay of their emission rate must be considered. For (Bomberg, 1982 (Hutcheon, 1953 (Bomberg 1982) . Table 1 (1982) .
observed damage in the German study (Gertis, 1982) . Similar observations may be found in the U.K. study by Harrison (1983 (Hutcheon, 1971 (Isberg, 1988; Sandberg, 1990; Bomberg, 1990; and Christian et al., 1991) .
Nevertheless, to relate the results from the so-called &dquo;accelerated test&dquo; to those in actual field conditions, one must either know the extent of &dquo;acceleration&dquo; obtained under the laboratory conditions in relation to the field conditions or the differences between the severity of the laboratory and field exposures with regard to all factors affecting the final outcome.
It becomes evident that to address prediction of long-term performance of a construction system, we need to develop a scientific basis &dquo;to assess the relevance of experience and thus to draw upon broader and more varied experience m the development of predictability&dquo; (Hutcheon, 1971) . This aspect of research, aiming at enhanced understanding of general functional relations, has dominated building science of the 1970s.
The performance analysis (Wright, 1972; Blach and Chnstensen, 1976; Cullen and Sneck, 1980; Becker, 1985) After making an initial selection, the designer then specifies the details such as intersections and joints between building elements (for example, foundations, walls, floors, windows, and doors). Then, to achieve satisfactory performance in these locations, the designer must ask further questions concerning the performance of the whole system, such as probable location of air leakage, rate of air leakage, its impact on vapor condensation, and possible damage (this issue will be analyzed later in text). Throughout the design process, the designer consults with structural, electrical, and mechanical experts to ensure that the selected materials will perform satisfactorily.
In addition, the designer reviews the buildability aspects such as material installation under different weather conditions, level of labor skill required for installation, accessibility to perform a sequence of tasks, and expected level of construction tolerance. Buildability, as the word suggests, reflects whether the design made on paper can be constructed with the resources available.
Even with the best design, the probability that no defects would develop during the service life of the building envelope is so low that some redundancy in the design becomes necessary. For instance, the plane of the air barrier system may be incidentally punctured, or poorly connected to some elements of the construction, for instance, windows. The designer must then evaluate whether &dquo;erroneous&dquo; moisture could be drained or dried out The first approximation considers only the insulated areas of the wall. For instance, a frame wall insulated with RSI 3.5 (R20) glass fiber batts is called an RSI 3.5 (R20) wall.
The second level of accuracy is not much better. An actual thermal resistance for each section is used. However, the model assumes no deviation of heat flow path through the wall, i.e., strictly unidirectional heat flow. With the area of thermal bridge' typically 2-3 percent, the increase in the overall heat transfer is very limited. , The third level of accuracy incorporates effects of multidirectional heat flows caused by thermal bridges. Kosny and Desjarlais (1994) , discussing the influence of architectural details on the overall thermal performance of residential wall systems, define clear wall area as the part of the wall system free of thermal anomalies such as corners, window and door openings, or joints with other structural elements. In the discussed case, because of the wood framing, the RSI 3.5 (R20) wall becomes an RSI 3.1 (R17.6) wall.
Historically, the shift from extensive measurements of heat transmission through the structures (Pratt, 1969) to computer calculations (Kosny, 1995) was slow. Discussion of whether measuring or calculating thermal performance of the structures is preferred took place in the mid 1980s (Wagner et al., 1984) . The performance of wall systems with air spaces (Greason, 1983) or reflective insulations (Hollingworth, 1983) (Mitalas, 1979) (Plonski, 1965) . Brown and Schwartz (1987) showed that m = 1 approximated most of the insulated wood frame walls. Garrett (1979) showed that m varied from 1 to 1.7 between slotted lightweight concrete and dense concrete with foam inserts. Shu et al. (1979) , Valore (1980) , Valore et al. (1988) and Trethowen (1995) found that the isothermal planes model gives a much closer approximation to the measured R-values (i.e., a large m-factor) than the parallel path (zone) model (m = 0). Equation (1) (1986, 1986a) showed a dramatic reduction of the thermal performance of a mineral fibre batt exposed to air movement along the insulation surface coupled with the effect of workmanship on thermal performance of the wall system.
As Bankvall dealt with a hypothetical case of poor design and poor workmanship, Figure 1 shows that with a large difference in temperature, the reduction of wall thermal performance may be as high as 30 percent. Silberstein and Hens (1996) analyzed the significance of proper design of ventilated air spaces. It is important to underline that, similar to wall construction, the roofing deck must also be constructed as an airtight structure. It was shown, that for an airtight roof deck structure and typical air velocities observed in ventilated cavities, the effect of air ingress into the insulation is insignificant.
There is no contradiction between the results of these two studies. Brown et al. (1993) stated: &dquo;Since the measured thermal resistance of walls with 0% defects agreed with predicted values, it is evident that the material is performing as expected; consequently, the issue of installation practice needs to be examined.&dquo; The authors also stated: &dquo;It appears that the convective flow was initiated in the cross-section between the hot/cold pair of air gaps and then spread through the rest of insulation. A contributing factor is that the air permeability along the MFI product, the manufacturing plane, is much higher than across the product:'
This explanation follows findings of Wilkes et al. (1991) , who showed the significance of convection initiators on the onset of convection. This closes a loop between practice and understanding. The transition zone to fully developed natural convection in horizontal layers was already shown by Wilkes and Rucker (1983) , but with the more recent research of Wilkes et al. (1991) and the role of convection initiators was first understood.
In practice, reduction in thermal performance of insulation caused by convective effects was observed at NRC by Wolf et al. (1966) on wood-frame walls and Sasaki (1971) on steel-stud walls. The latter paper discussed the effect of air gaps caused by a 6 mm lip on the flanges of the steel studs. Brown (1986) , testing fourteen different configurations of sheet steel walls, indicated similar causes for poor performance of some of the tested sheet steel walls. Thus, not the findings on thermal performance derating, but enhanced understanding of this derating mechanism constitutes the progress of the last thirty years.
This example also highlights interactionMof environmental control with quality control and workmanship issues.
THERMAL PERFORMANCE -CONFORT AND HEALTH
The third aspect of thermal performance evaluation relates to the depres- 
MOISTURE EFFECTS-MATERIAL DURABILITY
The building envelope must perform, retaining its structural integrity, while separating the interior and exterior environments. Of all environmental conditions, moisture poses the biggest threat to the integrity and durability of materials in building envelopes. Many construction materials contain moisture, most notably, masonry or concrete. These materials demonstrate excellent performance as long as the moisture does not compromise their structural or physical integrity. However, excessive moisture jeopardizes both the material and its functionality.
Consider, for example, the ability of a material to withstand, without deterioration, natural periods of freezing and thawing. As already mentioned, the frost durability is not a material characteristic, but a complex property which depends on the material, the construction system, and the environment. For instance, in one school building, only the outer surface of the external clay-bnck protrusions showed freeze-thaw spalling. These protrusions were more exposed to driving rains and the surface temperature of the bricks was slightly lower, compared to the plain facade where no spalling occurred. Both of these conditions contribute to increased risk for freezethaw damage.
One may also observe interaction of temperature and moisture in other types of moisture originated damage, e.g., corrosion and mold growth. The rate of corrosion of metals exposed to air varies with both the surface temperature and air humidity (Grodin, 1993) . Mold growth requires coincidence of both certain temperatures and humidities [temperatures above 5°C and relative humidity above 80% (Hens, 1992) ]. Figure 2 .
The relationships of factors shown in Figure 2 involve health, safety, durability, comfort, and affordability concerns as well as questions about construction performance (warranty).
HVAC Considerations
The design and construction of the building envelope (the walls, roof, and foundation) significantly affect the design of the heating, ventilating, and air-conditioning (HVAC) systems. At the same time, the design, installation, and operation of the HVAC system affects all aspects of indoor climate and building envelope durability. Air movements induced by HVAC may affect pollutant migration, rain penetration, condensation, and drying of moisture within building cavities, i.e., the durability of the building envelope.
As long as buildings were leaky and poorly insulated, the extent/effect of HVAC systems (and air-consuming appliances) on air pressure fields was small. There was no need to understand air movement in the building, other than ensuring that a necessary supply of fresh air was provided. This is not the situation today. Now, we have well-insulated, airtight buildings and increased incidence of health problems (mold/microbial contamination) and deficient long-term performance (metal corrosion and other moisture originated deterioration). Air flow carries moisture which affects materials' longterm performance (serviceability) and structural integrity (durability). Air flow impacts the spread of smoke in a fire situation, distributin of pollutants, and location of microbial reservoirs (indoor air quality). Air exchange affects energy for space heating or cooling.
The key to all of these real or potential problems is the understanding of air pressure fields in the indoor and interstitial spaces of the building envelopes. Today, understanding the air flow in a building is a necessity. Air pressure gradients (differences in the indoor-air pressure fields), however small and difficult to measure, are needed to establish performance of the building as a system. (Swartz, 1995) made this requirement mandatory and provided performance objectives for the testing and evaluation of these systems.
While the need to control the pressure fluctuations (in time) and pressure gradients (in space) is recognized, the effect of pathways created by external cavities and interconnected internal cavities communicating with HVAC systems on performance of building systems is seldom mentioned. The significance of these elements, mostly neglected in the traditional analysis of air pressure fields, will be illustrated in the few examples selected from case studies (Lstiburek, 1992 (Lstiburek, , 1994 (Lstiburek, , 1995 Figure 4 had caused additional problems as in the studied case, the exterior wall cavity was also connected Figure 10 illustrates a storage space containing printed materials and an operating print shop. The storage space is maintained under a negative air pressure with respect to the rest of the facility by the operation of an exhaust fan. However, a return air duct passing through the storage space was found to be leaky, resulting in high levels of volatile organic compounds (VOCs) being drawn into the air handling system serving a neighbouring office space. The result-transmission of VOCs from the storage space to the office space via the HVAC system return duct leakage and health complaints in the office space.
Hallways and corridors can cause an extension of pressure fields throughout a building. A typical hotel room ventilation system may have a bathroom exhaust operating on a continuous basis via a rooftop mounted exhaust fan (which also serves for other bathrooms). Make-up air for this bathroom exhaust is typically provided through the exterior wall via a unit ventilator or packaged terminal heat pump (PTHP). In the studied case, the design assumed that 60 cfm out through the bathroom is offset by 60 The above discussion showed that heat, air, and moisture transport across a building envelope are inseparable phenomena. In effect, to address interactions and trade-offs between control of heat, air, and moisture transports, the building system must be analyzed as a whole at the same time each of its components is analyzed. We often simplify the design process by examining these issues separately and ascribing control of each phenomenon to a particular material, yet somewhere in the design process, we must examine their interactions. Particularly sigmficant are the interactions between the building envelope and mechanical systems. They impact health and safety (indoor air quahty, smoke and fire spread), durability (moisture transport and accumulation), comfort (temperature, relative humidity, odors) and operation/ maintenance (energy costs, minor and major repairs, housekeeping).
Current building codes stress the traditionally acceptable solutions while product evaluation based on tradition restricts the introduction of new construction products. This review highlighted limitations of the traditional approach and difficulties in developing accelerated testing of durability. Since the current design process fails to examine the relationships between input from disciphnes: architecture, structural and mechanical engineering, fire protection, acoustics, and interior design, one needs to develop models of holistic approach to design and quality assurance of the environmental control function. Such models are proposed in the next paper.
